In order to provide a structural basis for a physical understanding of exchange bias in metal/magneticoxide interfaces, we have determined the structure of the Fe=NiO001 interface by means of x-ray absorption spectroscopy and ab initio density functional theory calculations. A Fe-Ni alloyed phase on top of an interfacial FeO planar layer is formed. The FeO layer exhibits a 7% expanded interlayer distance and a 0.3 Å buckling; its presence is predicted to increase the spin magnetic moment of the interface Fe atoms by 0:6 B , compared to the ideally abrupt interface.
Exchange bias, i.e., the shift of the hysteresis loop of a ferromagnetic (FM) layer in contact with an antiferromagnetic (AFM) layer in the direction of the applied field, has attracted a lot of attention since its discovery in 1957 [1] . This is due to its widespread application in information storage technology and to the intriguing and still not fully understood physics of the problem.
Although several models for the description of the process have been proposed [2, 3] , a general quantitative description is lacking. The models use different approximations for the expression of the magnetic energy of the system and, in particular, different values for the interface exchange energy. Some models only deal with ideal interfaces with intrinsically uncompensated AFM spins [2, 4] , while other studies also take into account roughness and defectivity of real interfaces [5, 6] . In many cases, however, independently of the density of structural defects, real FM/ AFM interfaces have a complex chemistry even in their structurally ideal parts. This is expected to have an even stronger influence on the magnetic couplings than the presence of low density defective sites.
We investigate the case of an epitaxial ultrahigh vacuum (UHV) grown system such as Fe=NiO001, taken as a prototype of a ferromagnetic metal/antiferromagnetic oxide interface, and give a combined experimental and theoretical description for it, which provides new insight in the understanding of magnetic couplings in such systems. A Fe-Ni alloyed phase on top of an interfacial FeO planar layer is formed. The FeO layer exhibits a 7% expanded interlayer distance and a 0.3 Å buckling; its presence is predicted to increase the spin magnetic moment of the interface Fe atoms by 0:6 B , compared to the ideally abrupt interface.
NiO is a very promising antiferromagnetic material for applications, since its Néel temperature (525 K) is significantly higher than room temperature. Fe has been shown to grow epitaxially on NiO(001) with a 45 in-plane rotation [7] [8] [9] . Previous studies on the Fe=NiO001 system only investigated the chemistry of the interface finding that the reduction of 1 ML of NiO is induced [7] [8] [9] [10] . The use of a local technique such as polarization-dependent x-ray absorption spectroscopy (XAS) has allowed to probe the interface structure with atomic scale detail. XAS has already proved to be successful in providing the significant structural parameters at buried interfaces, such as for example NiO=Ag001 [11] , MgO=Ag001 [12] , or Ag=MgO001 [13] . On the theoretical side, ab initio density functional theory (DFT) calculations have proved to be crucial in the interpretation of the experimental evidence. Some work can be found in the literature devoted to the ab initio study of interfaces between magnetic layers and nonmagnetic oxides, such as MgO [14] or Al 2 O 3 [15] . Surprisingly, to our knowledge, no investigations on ferromagnetic metal/antiferromagnetic oxide interfaces have been reported.
The sample used for this study, which consists of a 2 ML Fe=10 ML NiO=Ag001 multilayer, was grown in UHV by molecular beam epitaxy and in situ characterized, with the procedures described elsewhere [8] . The sample was then capped by a 10 nm thick Au layer to prevent the sample contamination by the atmosphere [16] . Fe K-edge XAS measurements have been performed at the GILDA beam line [17] of the European Synchrotron Radiation Facility. We exploited the polarization dependence of the XAS cross section by changing the relative orientation between the sample normal and the polarization of the impinging x-ray beam in order to preferentially probe either the in-plane or out-of-plane atomic correlations. Data analysis was performed by the standard software package UWXAS [18] , using the theoretical scattering amplitudes and phase shifts generated by the FEFF8.10 code [19] for the fitting. The full details of the analysis will be published in a forthcoming paper [20] , while a preliminary report can be found in Ref. [16] . We focus here on the details of the atomic structure of the interface. The background subtracted extended x-ray absorption fine structure (EXAFS) spectra in the two geometries are shown in Fig. 1(a) . Figure 1(b) shows the corresponding magnitude of the Fourier transforms and the results of structural fits in which the coordination numbers, the interatomic distances, and the Debye-Waller factors were fitting parameters. The inset of Fig. 1(b) shows the details of the near edge region of the XAS spectra in the two experimental geometries. The near edge spectrum measured at 75 , i.e., in a configuration more sensitive to in-plane atomic correlations, has a higher ratio between the intensity of the white line and higher energy structures than the 15 spectrum and closely resembles the spectrum of bulk FeO (not shown). This is a clear indication of a preferential formation of Fe-O coordinations in the film plane, rather than out of plane. The fitting of the extended range spectra was therefore performed assuming the formation of a planar FeOlike layer. The Fe-O distances resulting from the fit are much larger out of the film plane (2:38 0:07 A) than in the film plane (2:07 0:07 A). It is impossible from the XAS data alone to determine whether the FeO layer is between the NiO substrate and the Fe layer or on top of the metallic film; however, in the following we shall consider the former hypothesis (see model in Fig. 2 ), based also on the considerations derived by the ab initio calculations reported below. Assuming this model, the FeO-like layer exhibits a 0:29 0:14 A buckling, with O and Fe atoms, respectively, shifted towards and away from the underlying NiO substrate. Moreover, the distance between the last NiO plane and the average position of the FeO plane is 2.24 Å , a value 7% larger than the interplanar distance of bulk NiO. A body-centered-tetragonal (bct) Fe-Ni phase is present on top of the interfacial FeO layer. The values of the interlayer distances resulting from the structural fitting are reported in Table I . It has to be noted that the phase shifts of Ni and Fe atoms are quite similar, so that it is impossible to discriminate between a Fe and a Ni scattering atom. However, a previous x-ray photoelectron diffraction investigation has detected the presence of a Fe-Ni alloy in the metallic bct phase [9] . The results of this structural study are consistent with the presence of such a phase and will be compared in the following to ab initio calculations assuming its formation.
Fe oxidation and NiO reduction at the interface are expected because of the larger Gibbs free energy of formation of FeO (ÿ58:1 kJ=mol) with respect to NiO (ÿ50:6 kJ=mol). This interfacial reaction occurs by the formation of a FeO-like phase and a Fe-Ni bct alloyed phase. The formation of a FeO-like phase on NiO is favored by the similar lattice parameters (2.14 and 2.08 Å , respectively) and allows the epitaxial arrangement of the observed bct Fe-Ni metallic phase. As discussed by de Masi et al. [7] , higher oxides such as Fe 3 O 4 are observed to appear only upon annealing of the samples, due to an increase in oxygen atoms mobility. Higher oxides are also observed when reverting the growth stacking sequence, namely, when NiO is grown on a Fe substrate [21] , though in this case the oxidation can be partly induced by the oxygen rich atmosphere used for the growth of NiO. The buckled FeO layer observed on the Fe=NiO001 system recalls the one formed by oxygen exposure of Fe(001) single crystals [22, 23] , although in this case the values of buckling and the vertical expansion of the Fe-FeO distance are expectedly slightly different due to the different atomic environments of the FeO layer in the two cases. A two-dimensional FeO layer has also been observed at the MgO=Fe001 interface by Meyerheim et al. [24] .
We have then carried out DFT calculations of the Fe=NiO100 interface by means of the all-electron linearized augmented plane wave (LAPW) method Table I [picture generated by XCrySDen [36] ]. [25, 26] as implemented in its newest version, e.g., APW local orbital (APW lo) [27, 28] , in the WIEN2K package [29] . Because the hybrid nature of the basis set used, the APW lo method is one of the most accurate approaches for the study of transition metal compounds. The exchange and correlation potential is considered in the generalized gradient approximation (GGA) proposed by Perdew Burke and Ernzerhof (PBE) [30] . It is well known [31] that local-density approximation (LDA) (and to a lesser extent GGA) partially fails in the description of the electronic and magnetic properties of transition metal oxides, because of the underestimation of the electron localization in the d and f orbitals and that an improvement in the agreement with the experiments is observed when onsite correlation effects are explicitly taken into account. Two methods, in particular, have been successfully applied to transition metal oxides, e.g., the LDA U method [32] and the usage of hybrid functionals [33] , such as B3LYP or B3PW, which, as recently demonstrated, improved significantly the description of NiO (MgO) bulk and thin films systems [34] . This problem is less severe for the determination of structural properties, as shown by the fact that the lattice constant obtained by GGA for a NiO bulk, 4.156 Å , is very close to the experimental value. Moreover, the proper AF2 antiferromagnetic ordering and insulating behavior in the ground state, predicted for NiO bulk by GGA and not by LDA, is a sign of the superior capability of GGA compared to LDA to treat transition metal oxides.
As discussed in more depth in a forthcoming publication [35] , total energy calculations indicate that the configuration of an FeO layer near the interface is less favorable than the one in which the FeO layer is at the surface above the FeNi alloy layers. However, the numerical agreement between the experimental and theoretical interplanar distances is good only if the FeO layer is assumed to be at the interface, suggesting that kinetic barriers for the diffusion of O atoms may come into play, limiting the amount of oxidized Fe and confining the FeO layer at the interface. This idea is further supported by the results of calculations performed for systems where two Fe layers are fully oxidized, showing that the most stable configuration has the second FeO layer located at the interface [35] .
We present here the results of a slab calculation in which two monolayers of an Fe 0:5 Ni 0:5 alloy are adsorbed at each side of 5 layers thick NiO slabs in the presence of an FeO interface layer. A FeNi alloy, instead of a pure Fe phase, has been assumed following the evidence found in Ref. [9] . The slabs are separated from each other by a 8 Å thick vacuum in order to remove spurious slab-slab interactions. The preferred adsorption site for Fe has been calculated to be on top of the oxygen atoms in the NiO interface layer, representing an ideal continuation of the NiO substrate. We have assumed for the NiO FeO slab the bulk AF2-type antiferromagnetic ordering between the Ni magnetic moments. In order to compare the calculations with the experiments, we have carried out a structural optimization of the system in which the atoms are left free to move and reach their equilibrium distances; the optimization was stopped when the remanent forces on each atom were less that 0:5 m Ry=a:u: The structurally relaxed atomic configurations for Fe=NiO001 are depicted in Fig. 2 , and the interlayer distances reported in Table I . We observe moderate deviations of the interlayer distances in the NiO layers, which are always close to the bulk interlayer distance of 2.08 Å . Instead, Fe atoms relax outwards with respect to oxygen atoms in the FeO interface layer. The average Fe-O out-of-plane distances at the interface is found to be 2.42 Å , with a buckling between the Fe and O atoms in the FeO interface layer of 0.34 Å . A contraction to 1.88 Å is found in the distance between Fe atoms in FeO and the lowest FeNi alloy layer. In the topmost two FeNi layers, Fe and Ni atoms, not bound to oxygen, tend to rearrange towards their bcc and fcc bulk structures, characterized, respectively, by interlayer distances of 1.44 Å , or 1.77 Å , in a GGA calculation. In our case the two FeNi alloy layers are under the influence of a surface and the interlayer distance contracts further amounting to only 1.21 Å .
The overall experimental and theoretical structure compare very well. In particular, the numerical agreement between the values for the buckling of the FeO layer and for the expanded distance between the FeO layer and the underlying NiO is notable. The differences for some of the interatomic distances, in particular, the one between the FeO-like layer and the overlying metal, may be due to the fact that XAS sees an average of the distances actually present in the sample.
Our calculations also allowed to evaluate the spin magnetic moment of the Fe atoms at the interface, providing original insight into the relation between structure and magnetic properties. We compared the values obtained assuming the presence of a pure, pseudomorphic, Fe layer and the formation of an oxidized FeO layer. A significant increase of approximately 0:6 B (from 2:6 B to 3:2 B ) in the presence of the distorted FeO layer was found. The origin of this change lies in a depopulation of minority spin d orbitals involved in the Fe-O bonds. The Fe atoms of the interfacial FeO layer assumed in our model are in fact more coordinated with oxygen atoms than Fe atoms situated in the first layer of the ideal Fe=NiO interface; therefore, a higher spin polarization is achieved. This is in agreement with the calculations of Chubb and Pickett [23] , which predict an increase in the Fe surface moments upon adsorption of oxygen atoms. Uncompensated moments coming from the interfacial FeO layer, which may couple ferromagnetically with the Fe layer, are expected to influence dramatically the exchange interaction at the Fe=NiO interface, with deep consequences also on the exchange bias mechanism. In summary, we have performed a detailed experimental and theoretical investigation of the atomic structure at the Fe=NiO001 interface, finding evidence for the presence of a Fe-Ni bct alloyed phase on top of a two-dimensional FeO layer situated at the interface, characterized by a 7% expansion of the interplanar distance at the interface with NiO and by a 0.3 Å buckling in the Fe and O atomic positions. The presence of such a structurally distorted FeO layer is found to increase the spin magnetic moment of Fe atoms by 0:6 B . The very good agreement between theoretical and experimental structural parameters gives us confidence that the proposed model is correct, under the chosen experimental conditions. This work provides the atomic level characterization necessary in order to provide a structural basis for a physical understanding of exchange bias in metal/magnetic-oxide interfaces.
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